_ CHAPTER 10 _
LOW-FREQUENCY FEEDBACK AMPLIFIERS

10-1. Frequency-selective Networks.—Inverse feedback can be used
in the design of low-frequency selective amplifiers to attain 2 desired
over-all characteristic, but this characteristic i1s not the flat response
of the type desired in audio amplifiers. In this ease, a network that
rejects a certain frequency range can be used in the feedback loop to
produce maximum over-all transmission in that frequency range. The
circuit, then, is an electronic bandpass filter, which for sufficiently low
frequencies (for example, 30 cps) may be of much lighter weight than the
corresponding LC-filter. Staggered tuning (Chap. 5) can be used to
sharpen the bandpass characteristies.

The lattice or bridge network is the most general selective network
that can be used in the feedback loop of an amplifier to produce a desired
frequency-selective characteristic. Balance of the bridge at a particular
frequency is the proper null condition for the rejection of that frequency,
and by suitable choice of components this balance can be obtained at
any desired frequency. The Wien bridge 1s an example of such a network.

Bridge networks, however, do not have a common ground between
their input and output terminals, and this feature either limits the type
of circmit in which they can be used or reguires the use of additional
coupling devices such as transformers. The latter alternative may be
undesirable for very low-frequency applications. Circuits such as the
bridged-T and parallel-T' (or twin-T) networks, which are equivalent to
the Wien-bridge network, are three-terminal networks having a common
ground for both input and output terminals and are thus more useful.
These networks, however, have several inherent limitations, perhaps the
most serious of which is the greater interdependence of the parameters
that must be adjusted to set their rejection frequency. This inter-
dependence causes component tolerance specifications to become more
eritical; and if i1t 18 desired to vary the rejection frequency, more inter-
dependent controls are required. For example, to adjust the rejection
frequency of a Wien bridge continucusly and over a fairly wide range
requires that two components (two capacitors or resistors) be simul-
taneously varied, whereas similar adjustment of a twin-T network
requires that three components be simultaneously varied.

where p = jo;

The networks to be discussed in this section are, specifically, the
Wien-bridge network, a bridged-T network involving a coil the ¢ of
which may be used as a parameter to vary its selectivity characteristic,
and the twin-T network (see Fig. 10-1),

The mathematical basis for the following discussion will be the
transfer function, which will be determined for no-load operation of the
network. This function is defined as the ratio of the output voltage
to the input voltage and will be denoted by 8. Other characteristics,
such as input and output impedances, will be of secondary importance,
because the networks wiil be used under no-load conditions.

Such networks may be easily analyzed for 8 by the use of nodal analy-
SIS, H'][_‘hl;u-?.}, if Terminals 1 and 3 are the input and output terminals of
an arbitrary four-terminal network that has a common ground for the
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: I'ra.  10-1.—TIrequency-selective networks. {a) Wien-bridge network; () bridged-T

network; (¢} twin-T network.

input and output terminals, and if A is the charactoristic determinant
of the network,! then

g =" =21 (1)
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where A3 and Ay are the cofactors of A, including the proper sign.
Bridged-T Network.—For the bridged-T network in I'ig. 10-1b,
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The rejection frequency we, at which the null in transmission occurs, 18
obtained by setting A,z = 0, but only if Ay; £ 0. The two conditions
imposed on the components to obtain the null (obtained by setting the
real part and the imaginary part of Ars equal to zero) are

= TR}C_E’ H;Ild mﬁ = I—% (4)

If the Q of the coil at the resonant frequency is used as a parameter

W

(Qo = wol/7), the two conditions imposed on the network for a null in.

transmission become
2

Qo = w2kC, wg = 1.0 | (5)

Thus wo is the resonant frequency of the inductance combined with the
two series capacitors. If p is defined equal to w/we and Qo 18 used as a
parameter, 8 for the bridged-T network in Fig. 10:1 may be written .
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Equations (5) and (6) provide most of the network information required
to design a frequency-selective amplifier. |

Wien-bridge Network.—The null conditions and the value of 8 for the
Wien-bridge network may be obtained in a similar manner.

8sr = (6)

. 1 1
“ = RRLCC. T B )
_]_ B K3 | 1[;’4 _ 2 {0

a Ri' Cs;

i There is no loss in generality in assuming both capacitors equal except in study-
ing the effects of capacitor variability. Equation {4), however, may be written as
follows;
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where again p = w/we.? The factor — § may be neglected in considering
the frequency response of the network; but because it 1s part of the
voltage ratio, 1t must be taken into account when the Wien bridge is
to be used in a specific circuit. |

Twin-T Network.—The null frequency of the twin-T network is

‘determined by the two equations

i
e
P07 Ry ¥ B)R.C.CY
and | - (9)
0 Cl + CE

“ = 0,0.C.RR,

from which, by eliminating frequency, the null condition as a function
of the component parameters may be obtained.

R]Rz
i+ R, Ci+Cy
R e n. (10a)

Because of the separation of variables, n is a real number that may vary
from 0to . Ithasan optimum value, n = 1, although other considera-
tions may require using values of n other than unity, such as n = 2 or
1l = .%- .
If Ry = Rs = Rand C, = C, = C, then
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‘and the transmission of the twih-T network becomes
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If Cy = C, = Cisgiven an arbitrary value, and if B, = R,, the circuit

may be ‘“balanced” at any prescribed frequency by variation of the
resistances alone, because then Eqs. (9) both become

s . M
mﬂ, RECEJ

1 See Fig. 10-1q for definition of a,



and they are therefore simultaneously satisfied. To achieve balance
at an arbitrary frequency, adjustments of two resistors are required,
to achieve balance at a prescribed frequency, three resistors must be
adjusted. | | | |
The optimum value of n may be defined as the value of n for which
8] has the steepest slope at the rejection frequency fo = wo/2n. Since

(ﬁ@!) _ oV
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the maximum slope is determined by setting d/dn (d|8|/dp)s~1 equal
to zero, from which it is readily determined that the maximum slope of
the attenuation characteristic occurs when n = 1. 'Then

Brr = = ' . (11b)
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p* — 1
“Equation (11b) will be used throughout the remainder of this chapter,
It must be noted here that the slope of |8] at p = 1 1s a relatively
slowly varying function of n and other considerations may require
choices of n other than » = 1. Thus, if n = 2 in Eq. (10b), B3 = R/4,
(s = C, and all three capacitors become equal in value. This makes it
possible to couple all the capacitors mechanically and have acontinuous
variation of rejection frequency. On the other hand, although the
maximum slope is —0.5 at n = 1, the slope decreases only to —0.472 at
n = 2. This is approximately a 6 per cent change. Similarly, at
n=4% R; =R, C3 =4C, and the maximum slope also decreases to
—0.472.

Inspection of Iigs. (6), (8),_'3,11(1 (115) indicates their similarity in

form. Xquation (11b), the transmis-

(B) sion of the twin-T network, may
Im(8)y . therefore be used as a typical example.
051 . In polar form, 8 = [8l¢’%, and from Eq.
| p= (11h)
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Fia. 10-2.—Phase-amplitude diagram . 4p
of twin-T network. § = tan™ o — i

Then |8] may be expressed as a function of 8: [8] = cos 6, which is seen to

‘be the polar equation of a circle of radius %, tangent to the imaginary
axis and with center at (3,0) (see Fig. 10-2). From Fig. 10-2 it may be
seen that as p increases from 0 to 1 (w from 0 to we}, 8 varies from 0 to
—7x/2: and as p increases from 1 to = (w from w, to o), § varies from
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Fia. 10-3.—Characteristics of rejection networks. The values of Qo pertain to the
hridged-T network; curve A pertains to a twin-T network for whichn = 1; curve B pertains
to a Wien-bridge network., ({(a) Phase characteristics; (b) amplitude characteristics,



—3r/2 to —2r (or +%/2 to 0). Thus a discontinuity in phase exists
at p = 1. |

pIn Fig. 10-3 are shown the phase and amplitude characteristics of
rejection circuits of this type. The foregoing analysis shows that,
whereas in the Wien-bridge and twin-T circuits the exact conditions for
maximum sharpness of the rejection band are eumpletely‘ realizable
(as, for example, by setting n = 1 in the twin-T network), 1n Fhe case
of the bridged-T network the sharpness of the rejection band is de?er—
mined by the Q of the choke coil employed, and this is set by practical
and not by theoretical considerations. Therefore in Fig. 103 are
shown characteristics for a bridged-T network employing chokes of
several @ vﬁlués, but only a single curve corresponding to the condition
for narrowest rejection band is shown for each of the Wien-bridge and
twin-T networks. It will be seen that the Wien-bridge network cor-
responds to a bridged-T network whose choke has a ¢ of 4 and that the
twin-T' network corresponds to a bridged-T network whose choke has a
Qof % L
The practical possibility of achieving complete rew_.c?mn at the 'null
frequency can be discussed on the basis of the null conditions dete‘rmiqr{ed
by the component parameters of the network. ?he effects of vamabﬂ}ty
of components due to temperature effects, aging, and man}lfactunng
tolerances must be considered if a given frequency is to be rejected. 1f
the rejection frequency is to be adjustable over a range of values, the
additional problem of simultaneously varying the values of two or
more components is introduced. This second problem may be con-
siderably simplified by the proper choice of component values and of
suitable mechanical couplings.

If the twin-T network is used as an example, it is seen from Eqs. (9)
that! if we is assumed to be constant and C; = C,, B; = R,

SRy [5&'1 5Cs | 1(501 , 502)]' -
E =T R1 Ca | 2 C1 ’ Cn' , (13)
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Temperature, tolerance, and aging variations can all be considered
by means of Eqs. (13). By inspection of Eqs. (13), 1tr‘ can be seen tha:t.
for the ideal case the temperature coefficients of the resistors and capac-
tors shold be equal and opposite, i.e., the capacitors may have a positive
temperature coefficient (such as silver mica), and ‘tpe resistors may have
a negative temperature coefficient (such as precision carbon resistors).

11f B, and R: are equal within 10 per cent {(and the same is true for €, and (),
then Eqs. (13) are accuirate within 0,25 per cent.

Commercial components are available, however, that have temperature
coefficients of less than + 50 parts per million per degree ‘centigrade.
Yor many purposes, the probable operating-temperature range is so
small that the use of such components will introduce negligible tempera-
ture effects. |

The choice of the tolerances to which components must be held is
determined by the following factors: expense and ease of obtaining the
component, facility of adjustment, and required accuracy of adjustment.
Components of better than +1 per cent accuracy are generally expensive
and difficult to obtain. However, as the precision of the component
increases, the amount of adjustment required decreases.

Aging is an unknown factor for many components and is determined,
among other things, by conditions of use. The effects of aging can be
minimized if well-constructed, stabilized components are used. '

It sufficiently accurate frequency standards are available, +1 per
cent or +2 per cent components are usable and represent a good com-
promise between the use of precision components and ease of adjustment.
The “‘ease of adjustment” may be arbitrarily defined as being inversely
proportional to the percentage range that the variable components must
cover to maintain the null at a given frequency.

In Fig. 10-1¢, K2 may be split into two resistors B, and RY, and R;
into B and R{. R and R} are then the trimmer resistors which are
determined within the limits prescribed by Eqs. (13). Thus, if +1 per
cent resistors and +2 per cent condensers are used, the conditions on
R} and Ry are readily determined from Eqs. (13) to be

0 < R} = 0.08R,

0 < By 0065 = 0.03R. [ - a9

The null discussed in this section was assumed to mean zero trans-
mission, but in the next section the actual attenuation required will be
discussed in relation to the requirements of frequency-selective amplifiers.

10-2. Frequency-selective Amplifiers.—The frequency-selective am-
plifiers to be discussed in this section
can be qualitatively described as hav-
Ing a frequency characteristic roughly
corresponding to the inverse of that
of the rejective network and similar to
that of a single-tuned RLC-network. Tt¢ 10-4—Block disgram of rudi-

o ) ) X ) mentary feedback amplifier.
A quantitative discussion will be given
under the following assumptions: A single feedback loop is used through
the rejective network; the amplifier without feedback is stable at all

€y



frequencies; and the output signal applied to the feedback loop 18 =
radians out of phase with the input signal.!

The simplified block diagram of Fig. 10-4, where 8 m&y be chosen as
the transmission of any of the networks dlSGUSSE:d in Sec. 10-1, then

applies. If G is the over-all gain of the amplifier, then

§
C = T T .B&’ (15}

which 1s the cuétnmary feedback formula. In the twin-T network, for
example, 8§ may be chosen as

1 1
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where u = p — 1/p. Then,
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From either Eq. (16) or (17), it may be shown that G/@ defines a circle
in the CDmpiex plane with center on the real axis at 3(@ + 2)/(@ + 1),
having a radius of 3@/(@ -+ 1) (see Fig. 10-5). The ratio G/& 1s unity
at p = 1, (0w = we) and is a minimum at zero and infinite frequencies.
This minimum is readily seen to be 1/(@ + 1). As G approaches

1 @ may then be taken as a positive real number and elqua,l to the gain of the ampli-

fier without fecdback.
2 The over-all gain of an amplifier using either a Wien-bridge or a twin-"T network

may be obtained from this equation. Thus, if @, = 3, §/@ is given for an amplifier

employing a twin-T nctwork; and if @, = %, §/&, is given for an amplifier cmploying |

a Wien-bridge network.

the series-resonant circuit may be

mﬁmty, the radius of the circle approaches %, and the circle bemmes
tangent to the imaginary axis.

For comparison, the ‘‘selectivity” of the RLC-network shown in
Fig. 42, may be defined as Z(u)/R = v, = 1/(1 + jQu), from Eq. (4-1)
where u = (w/wo) — (wo/w). The quantity v, defines a circle of unit
diameter tangent to the imaginary

axis, - (9 )l L
The width of the pass band of /a R "ﬂ—f'i")

specified in terms of the frequen-
cies at which the power transmitted r.T+L1
15 hali that transmitted at reso-
nance, 1.e., at which 42 = 1. 1t is
well known that these frequencies [r6. 10-5.—Phase-amplitude diagram’
are simply related to the Q of the of feedback amnplifier employing bridged-T

‘ - . _ _ _ network.
serles-resonant circuit, being given
by 1/u = +&¢ where @y = wol./R. This makes it convenient to specify
the bandwidth directly in terms of Q.

The fact that both v, and G/G define mrcles 1n their respective com-
plex planes indicates the similarity in shape of their phase and amplitude
characteristics., It is therefore reasonable to define a Q-factor for the
feedback amplifier in terms of the frequencies at which (¢/@)% =

- From Eq. (16),

e
roop = 16 (1811)

, : C
At the half-power frequencies, w; and ws, [¥ = r-L; and from Eq
/ : (2 1/2: .
- (18ay),
T .
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This can be rewritten as

1y o - 4

By analogy with the RLC-network, @ = 1/u, = [/u.. Thus,

QTT — ‘\’/(@’ +4:I)ﬂ o

Sinee, in general, (@ + 1) > 50, the numerator can he expanded in a
power series, from which it follows that with an error of less than 0.04




per cent,

Qrr = @ 1_ 1 | (18b)

Similarly, from Eq. (17), the @ of the amplifier using a bridged-T network

in the feedback loop is
Qsr = (& ¥ 1) Qo, o (19)

where Qo is the @ of the coil at the resonant frequency we.

The same definition of @ may be applied to the rejective networks
themselves; the @ of the twin-T network is found from Eq. (11b) to be
} and for the bridged-T network to be @q/2.

It is to be noted that the phase and amplitude characteristics of
these amplifiers for the moderate gain (about 40) required to yield a @
of 10 are identical with those of the RLC-network, not only at the
resonant frequency we but also for an appreciable frequency range about
the resonant frequency. With a Q of 10 the minimum transmission
obtainable (theoretically at zero and infinite frequencies if a perfect
amplifier is assumed) is 7% of the maximum {ransmission at we or minus
32 db. As QG approaches infinity, the characteristics of the frequency-
selective amplifier approach those of the RLC-network in both phase
and magnitude. Using the @ defined in Eq. (18b) as a parameter,

Eq. (18a) may be written as
u2

-
where 4 = p — 1/p. The EﬂI‘I’ESpDHdIHg phase angle is

6 = tan ' — — tan™! - 4
Qu u
“Universal” resonance and phase curves for a frequency-selective
“amplifier using a twin-T network in a degenerative feedback loop may
now be plotted from the following equations, using { as a parameter.

l%da = =10 logo (1 -+ @%?) + 10 logio (1 T FE)’ (21a)

O = tan™! 1 _ tan™! i (215)

Qu
These curves are illustrated in Fig. 10-6. Equations (21) apply only to
a frequency-selective amplifier using a twin-T network in the feedback
loop or to a bridged-T network for which @ = 3. Similar equations,
which are more general since they involve the us¢ of two parameters
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Fiq. 10:6.—Resonance and phase curves for a frequency-selective amplifier using a twin-T
network in a degenerative feedback loop. (a) Resonance curves; (b) phase curves,



(o of the coll and @ of the amplifier), may be obtained for amplifiers
using a :;rldged-T network,

(Si' = —10 logio (1 + Q%% + 10 logio [1 | (%n) uﬂ]- (22a)
108 ab -

- | 1
& = tan—! Gﬁ — tan™! (9_9) u'

(22b)

Equation (21a) simplifies to the expression for the transmission of the
RLC-network,

[Vels = —10 logyo (1 4+ @),

with an accuracy of about 1 per cent if |u| £ 0.57. This condition

¢ e restricts the frequency range fo

" ¥ @ * 0.760 = p £ 1.32. Equation (22a¢) may

| be similarly simplified to the same order
of accuracy if |u| = 0.28/¢..

| B A special case of the frequency-

€ - selective amplifier is the rejection ampli-

Fig. 10-7.—Block diagram of rejection  fier that effectively “Shﬂrpens” the

amplifier. null of the network used in the feedback

loop. The transmission of such an amplifier is seen from Fig. 10-7 to be

. aB
S = a5 @)
The @ of the rejection amplifier using a twin-T network is approximately
(@ — 1)/4 to the same order of accuracy as was determined for the
selective amplifier. Similarly, the @ of the rejection amplifier using a
bridged-T network is @ = @,/2(@ — 1). Thus the frequeney dis-
crimination of the network is improved by a factor nearly equal to the
gain of the amplifier without feedback.

Network-attenuation Requirements of Frequency-selecltive Amplifiers.—
The actual attenuation of the network at the null frequency as related
to the gain of the frequency-selective amplificr without feedback (i.e.,
at the null frequency) can be discussed by means of the following approxi-
mate equation derived for the amplifier with a twin-T network in the
feedback loop:

Q! (p=1)

where @ is the @ of the frequency-selective amplifier. A value for
|8|cp=1 slightly different from zero may be obtained by varying a com-
ponent parameter from the nominal value required for a null. The
feedback ratio 8 may then be expressed as a function of frequency and

Ejl ~ 1 4+ 22 Q|B]p=1n, (24)

of this parameter. The required gain and transmission of the amplifier
having been decided upon, the required attenuation of the network at
the null frequency is then determined by Egq. (24). This, in turn,
determines the amount of adjustment required, as discussed in Sec. 10-1.

The gain and fransmission requirements are a consequence of both
the @ desired and the over-all stability of the amplifier as determined
by its Nyquist diagram.® The Nyquist diagram of these amplifiers is
essentially that of the 8 diagram shown in Fig. 10-2. The 8 of the dia-
gram must be multiplied by &, but at the null frequency @8 = 0, and
at other frequencies it remains positive. If, for example, the maximum
variation of the transmission at the null frequency is allowed to be
approximately 10 per cent in order to be safely within stability require-
ments; and the  desired is assumed to be 20, then

1

1 1
2 \/§ Q|F3|{p=1} = 10’ and |ﬁ9|u~=1:~ =

102 v2¢

Thus, |8]=1, = 1/600, which represents an attenuation of about 56 db.
Because an attenuation of approximately 60 db is difficult to measure,
the rejection amplifier may be used to measure the actual attenuation
of the network at the null frequency. This amplifier not only improves
the frequency discrimination of the network but also raises the voltage
level of the observed signal by a factor proportional to the gain of the
amplifier. Thus, from Eq. (23) the attenuation of the rejection amplifier

at the null frequency ean be obtained in a manner similar to the deriva-
tion of Eq. (24).

Grleo—1y = 4Q,18 =), | (25)

where Q, is the Q of the rejection amplifier. If, now, the Q of the rejec-
tion amplifier 1s equal to the @ of the frequency-selectlve amplifier, the
following equation 1s obtained:

~ 1 _|_ Ig |(P'='1) (26)

d
(p=1) \/§

Under the conditions of the previous example, namely, that @ = 20

-and that the variation in gain be approximately 10 per cent, it is seen

that |G,|,=1y = Vv/2/10, which represents an attenuation of 17 db, and
that, from Eq. (25), |8} = [G,|/80 which, again, represents an attenuation
of 56 db. Thus the null required of the network, although relatively
difficult to measure directly, is easily determined by means of a rejection
amplifier of the same @ (i.e., same gain without feedback) as the fre-
quency-selective amplifier in which the network will be used.




10-3. The Design of Frequency-selective Amplifiers.——According to
the simplified theory discussed in the preceding sections, the amplifier
must fulfill the following general conditions: (1) The bandpass char-
acteristic must be essentially flat in the frequency range within which the
selected frequency will lie; and (2) the amplifier must be Class A, that is,
essentially linear.

Condition 1 means that nowhere within the frequency range should
the transmission attenuate at more than a few (= 2) decibels per octave
and beyond this range it should be sufficiently flat so that the over-all
@8 charactenstic falls off at less than 12 db/octave.! Because the

Net T

Eﬂ'l

F1a. 10-8,—Single-stage frequency-selective amplifier.

operating-frequency range is limited, the coupling networks are simple
and In many cases consist simply of an RC-network. Amplifiers of
more than three stages require more complicated coupling devices, such
as decoupling stages designed to eliminate undesirable feedback loops.

- Condition 2 requires that the tubes be operated in the linear part of
their characteristics, but for many purposes Class AB operation is
allowable.

The ““no-load” condition on the network can be obtained by coupling
1t directly to the grid. Where necessary, mixing networks may be used
if they approach the no-load condition by having an impedance of at
least 2.5 times that of the output impedance of the network. However,
the mixing network not only may introduce an undesirable phase shift

1 Bee Bode, op. ¢it.  An attenuation of 6 db/octave will result in 90° phase lag for
minimum-phase-shift networks.

but will also attenuate the signal to the grid, producing incomplete
feedback.

The following discussion of the design of a typical single-stage fre-
quency-selective amplifier will illustrate the requirements imposed on
such amplifiers under the given conditions of a specified @ and a definite
null frequency. The schematic diagram of the amplifier is shown in
Fig. 10-8. As a specific example, let the @ be 15 and the null frequency
be 30 cps. Furthermore, let the network used be a twin-T network.
This network has the advantage of not requiring a choke, which may be
prohibitively large and heavy at 30 cps. It 1s also assumed that the
network has been adjusted to a null as determined in the previous
sections. The tube shown is a triode but may be a pentode if necessary.
The no-load condition on the twin-T network is obtained by tying it
directly to the grid. The proper grid bias is maintained by the direct
coupling through the network. The input signal generator is assumed
to be of low impedance, and the 1nput signal E, may therefore be applied
to the cathode.

At the midfrequency of 30 cps, the gain of the amplifier w1thﬂut the
selective degenerative feedback is given as

uly
7>+ Rz + (g + DRy

where 7, i1s the dynamic plate resistance of the tube and u 1s its amplifica-
tion factor. Because, from Eq. (18b), the gain required is four times
the @, i.e., @ = 60, a triode must have a fairly high 4 and r, in order
to be used. Many triodes of the receiving type cannot qualify. Many
duplex tubes, however, contain such triode components, and many
receiving and uhf pentodes, when triode-connected, perform adequately.
A typical example might be a tube with a ¢ of 100 and an r, of 100,000
ohms. If, in Eq. (27), the impedance E: of the generator is neglected,
the load resistor R; is found to be 150,000 ohms. If this value is used
to determine a load line, the B+ and bias voltages necessary for proper
operation of the amplifier can be found.

The high-frequency response of this amplifier can be neglected, but
the low-frequency response is extremely important. The constants of
the coupling network C; and K, must be so chosen that its 3-db point
occurs at a frequency so much less than the null frequency of the network
that the additive phase shifts eannot cause the amplifier to oscillate
A conservative demg%l criterion would be to have the 3-db frequeney'
of the coupling network approximately one-tenth the null frequeney of
the twin-T network. Then the phase lead introduced by the coupling
network at the null frequency would be approximately 10°, whereas the
phase lag introduced by the twin-T network at the 3-db frequency of

a = (27)




the coupling network would be approximately 22.5°. Thus, for example,
the 3-db frequency would be 3 cps. | |

The grid-leak resistor may be chosen as high as is practicable to
insert in the grid circuit of the particular tube, and it must not be over-
looked that in the circuit in Fig. 11-8 the two branch arms of the twin-T
network are part of the grid leak. If 2 nominal value of Il;, = 1 megohm
13 chosen, from the relation wsuR,C; = 1, a value for C; = 0.053 uf is
obtained. The choice of value of C, is similarly determined for low-
frequency response and depends upon the impedance to which it is
coupled. For applications at frequencies below 1000 cps, the high-fre-
quency response of the amplifier may safely be neglected because it is
‘determined mainly by the shunt impedances of the amplifier stages.
These are negligible for single-stage and two-stage frequency-sclective
amplifiers but must be taken into account for multistage amplifiers, in
coramon with all feedback amplifiers.

Equation (27) may be used to investigate component tolerances for
the amplifier if it is again assumed that B, = 0. The tolerances for
C: and B, are determined by the phase-shift requirements and under the

conditions given previously may safely be + 10 per cent or even + 20 per
cent. From Eq. (27) |

3q _ ou ol s Y} _ O Tp
& "% TR (rp } RL) ?;(?;“"RI)' (28)

The manufacturing tolerances for many tubes are such that u and T
have approximately the same percentage variation, whereas the Om IDAY
have about 1.5 times as much. Thus Eq. (28) may be approximated

by | .
- aQ == oG, o 5—“ (_RL ) } _@E_I_f L
e - @ v \nim) TR i) (29)

Using the values given for r, and R}, and assuraing that

b )
Mol + 10 per cent,
| M Tp
then
50
“QQ ~ +6 per cent + 0.4 % (30)

Thus, if a manufacturing tolerance of + 10 per cent is allowable for the
'@ of the amplifier, the tolerance imposed upon the load resistor also is
approximately 10 per cent, On the other hand, because of the tube-
tolerance limitation, the manufacturing tolerance of the Q in the example
given can never be less than 46 per cent and with +5 per cent load
resistors would be +8 per cent. |

 If the cathode resistor B, (in Fig. 11-8), which is assumed to be the
generator impedance, is appreciable in value, it must be considered as
causing cathode degeneration. Equation (29) may be then written as

9 (ke V()
Q@  w\pt+ R+ pR/) " B \rp+ Bu+ R

The additional assumptions in Eq. (31) are that ¢ >> 1 and that B, and
R, have the same percentage variations. The effect of B, for a high-u
triode is pronounced, even if 12, is only about 5 of £:. For the param-

eter values previously assumed, if £; = 1500 ohms, the percentage varia-

tion of  becomes

LU 1+ 3.7 per cent + 0.25 423 (32)
Q L
Thus, the effect of tube-parameter variations (which includes aging)
is reduced by nearly one-half, and the allowable resistor tolerances are

- B4

—te
o b

A,

————

.':" -EHI -_— ‘Eyz
IM1c. 10-9.—Frequency-selective amplifier employing cathode follower.

correspondingly widened if the same tolerances for the € are to be
maintained. N

A circuit essentially equivalent to that of Fig. 10-8, except that in
this case 1t 18 possible to use a generator of any internal impedance, is
shown in Fig. 10:9. The cathode of the second tube is directly coupled
to the cathode of the first tube, which then acts as a cathode follower,
providing & high input impedance for the sclective amplifier. In ali
other respeets th%ﬂil‘ﬂﬂitﬁ are the same, and the same requirements
obtain for the coupling network from the source to the grid of the first
tube. |

A two-stage triode amplifier, which eliminates the necessity of apply-
ing the input signal to the cathode, is the so-called ‘“cascode’” amplifier

shown in Fig. 10-10.



A qualitative analysis of this circuit shows that a signal e; appearing -

at the grid ¢, of the lower tube 1s amplified and appears at the upper
grid as essentially Ge,, the total amplification then being of the order of
@* if the two tubes are assumed to be the same. However, the amplifica-
tion of a signal appearing at the upper grid is reduced by the cathode
degeneration caused by the plate resistance of V; in the cathode circuit
of V,. In-phase signals at the grids are amplified in phase so that the
grids effectively producé the same action but of d1fferent magnitude,
and they are independent of each other.

From the pmnt of view of the frequency-selective amplifier, thls 1S
very desirable, since the upper grid g. may be used to insert the signal

i £ o4

—— b — — -E

Fig. 10:10.—*' Cascode’ amplifier.

and the lower grid ¢; may be used as the high-impedance load for the
network. Simple midfrequency-gain formulas may be obtained for
both upper and lower grids if it is assumed that both tubes are idenfical.
Thus

o oulp+ DR,
O = R+ Gt 2r, O (830)
Q, — phts (33b)

RL (,I.I 2)?'1?:}

where u and r, are the amplification factor and dynamic plate resistance
of either tube. For the circuit as shown in Fig. 1011, the gain @,,
being the loop gain, i1s the gain to be used in computing the @ of the
amplifier. Thus, two triodes of moderate u can be used to obtain ampli-
fications comparable to those of pentodes and frequency-selective
amplifiers of correspondingly high ¢. Two triodes in a single envelope
are especially useful, and the 6SN7 with 4 = 20, r, = 8000 ochms and the
6SL7 with u = 70, r, = 50,000 ohms should be mentioned specifically,

Figure 10-11 illustrates two typical amplifiers, Fig. 10-11a being a
low-Q amplifier (¢ ~ 6) and Fig. 10:11b a high-@ amplifier with a @
of about 15 by virtue of the fact that the cathode follower allows R;
to be Inereased from 36,000 to 100,000 ohms. The addition of the
cathode follower to the feedback loop in Fig. 10-11b isolates the high-

“impedance plate load from the input terminal of the network and provides
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Fig.. 10-11.—Two-stage frequency-selective amplifier. (a) Low-Q amplifier; () high-Q
. amplifier. . '

a source of low input impedance for the network., At the same time it
acts as a buffer amplifier between successive stages.

The design vriferia répresented in these two typical circuits are
conservative. All resistor power ratings are overrated, approximately
five times, and all coupling networks have their 3-db points at a fraction
of a cycle per second. |

The photographs in Fig, 10-12 show the general layout and con-

- struction features of a lightweight unit that utilizes four frequency-

selective amplifiers, A plug-in fixed-frequency twin-T network is also
shown in Fig. 10-12a.
Figure 1013 shows a Ilghtwelght selective amphﬁer and detectnr



constructed of subminiature tubes (8D834) and components. The
amplifier of Fig. 10-13 was designed for a minimum number of com-

ponents of the widest possible tolerance. Its schematic diagram is
shown in Fig. 10-14.

B
L T S O S SR ¥ B SO0 U Ut S RN ey R S N Y R R LT TR

Frg. 10-12.—Lightweight unit using four frequency-selective amplificrs. (@) Side view,
showing plug-in twin-T network: (b)) bottom view.

" The design of a rejection amplifier is simplifiecd by using a cascode
amplifier, since the input and feedback grids are independent. The
amplifiers shown in Fig. 10-11 ean be readily converted into rejection am-
plifiers by taking the output voltage frem the lower girid ¢ and apply-
ing it to an isolating stage such as a cathode follower.

Although Fig. 10-11b can properly be called a three-stage amplifier,
a more typical example is the three-stage direct-coupled amplifier
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Fic. 10-13.—FPhotograph showing lightweight selective amplifiers and detectors construeted
of subminiature tubes.
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F1a. 10-14.—Circuit diagram, lightweight selective amplifier and detector constructed of
subminiature tubes. The detector load is a relay.

shown in Fig. 10-15. This amplifier is designed for battery operation
and hence for low power consumption.



The direct coupling eliminates the coupling networks and their
attendant phase shifts, thus improving the low-frequency response.
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Fi1c. 10:-15.—Threes-stago direct-coupled amplhfier.

The input voltage is applied to the cathode of the first tube, and the
twin-T network ties to the grid through a 0.025-uf condenser. The
resistance of the 2-megohm grid-leak resistor is large compared with

the output impedance of the network. The three resistor elements of the
twin-T network are coupled mechanically and adjusted so that the null
frequency will vary continuously from 25 to 7500 cps. Since the gain
of the amplifier without feedback is constanf throughout this frequency
range, the result is a frequency analyzer with a constant € throughout
the frequency range. This has proved very useful for such types of
measurement as low-frequency noise measurement and harmonic analysis.

An increasingly important field of application of these frequency-
selective amplifiers is their use as low-frequency (i.e., {requencies below
1000 cps) bandpass and ‘“tone’ filters. An important objection ta
purely passive networks involving inductance and capacitance is the
exceasive weight and size required to obtain the proper frequency-selection
characteristic.

It is known that bandpass filters may be obtained by stagger-tuning
singlo-tuned ELC-networks if there is no interaction among the net-
works. This isolation may be accomplished by means of buffer ampli-
fiers, and the resulting pass band is & synthesis of the single-tuned stages.!

It was demonstrated in Sec. 10-2 that these frequency-selective ampli-
fiers were nearly identical in phase and amplitude response with single-
tuned networks, the deviation being inversely proportional to the gain
of the amplifier. Because of the single feedback loop involved, two or
more such amplifiers can be connected in cascade with no resultant inter-
action. Thus, each amplifier not only 1s equivalent to a single-tuned
RLC-network but also acts as its own buffer amplifier.? Hence these

~amplifiers may be stagger-tuned to provide adequate bandpass filters

in the low-frequency region.

Although any number of stages may be stagger-tuned (see Chap. 4),
a filter whose 3-db bandwidth ranges from 40 to 63 cps with a center
frequency of 50.2 cps® may be taken as a concrete example to which Figs.
10:12¢ and 12b apply. Then it is found that for an exact staggered
quadruple? two stages of dissipation factor d; staggered at fiz; and
fo/oy and two stages of dissipation factor d; staggered at foo; and fo/as
are needed, where

'
2 9 4 2
d%=4+a _\/m+5.65ﬂa + 3 nd ( 1) Lo

S - 212
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fo = the center ffequenﬁy, Af = the 3-db bandwidth,

Af 1 i S
5:-=-~=-—; d . d _—
fﬂ_ Q : Ql i Qa

Using these formulas, it is found that to produce the required bandpass
filter there are needed amplifiers tuned to 40.6 and 61.9 ¢ps each with a
¢ of 15 and two amplifiers tuned to 46.0 and 54.9 cps each with a @ of 6.
The amplifier of Fig. 10-11a is representative of the low-@ amplifiers,
and that of Fig. 10-11b of high-@ amplifiers.

Relative attenuation in db
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Fra. 10-16.—Pass band, four-section stagger-tuned filter. Calculated values, solid

line; experimental values, dotted line. (a) fi = 40.6 ecps, Q1 = 15; (B) f2 = 46.0 cps,
Qs = 06;(c) f = 04.9 cps, &z = 6; (&) f¢ = 61.9 ¢cps, s+ = 15,

Figure 10-16 shows the synthesis of the bandpass characteristic from
the four stagger-tuned frequency-selective amplifiers. = For comparison,
an experimental bandpass characteristic representative of a number of
identical units is indicated on this figure by the dotted curve. The
attenuation through this filter (i.e., the ‘“insertion loss’’) was found to be
14 db and was constant within 1 per cent {or input signals ranging from
(0 to 6 volts rms. Inspection of Fig. 10-16 at the midirequency (40 cps)
shows a loss of about 36 db, and Eq. (33h) shows that the gain of the
amplifier with respect to the signal input grid i1s approximately 1/u
times the gain with respect to the lower grid. Since u = 20, the gains
of the amplifiers at their resonant frequencies become, respectively,
3.0, 1.2, 1.2, and 3.0, or a totad gain of about 22 db. Hence the mid-
frequency loss is 14 db. |

The construction features of these ‘‘electronic” filters are shown in
the photographs of I'ig. 10-12. These units also contain a power supply,
a-¢ amplifier, detector, and indicator stages.



